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nanocrystalline diamond (NCD) thin films grown by a
continuous bias assisted CVD growth technique is reported.
This technique allows the tuning of grain size and phase purity
in the deposited material. The crystalline properties of the films
are characterized by SEM, TEM, EELS, and Raman spectro-
scopy. A clear improvement of the crystalline structure of the
nanograined diamond film is observed for low negative bias
voltages, while high bias voltages lead to thin films consisting of
diamond grains of only 10 nm nanometer in size, showing
remarkable similarities with so-called ultrananocrystallinediamond. These layers arecharacterized by an increasing
amount of sp2-bonded carbon content of the matrix in which
the diamond grains are embedded. Classical molecular
dynamics simulations support the observed experimental data,
giving insight in the underlying mechanism for the observed
increase in deposition rate with bias voltage. Furthermore, a
high atomic concentration of hydrogen has been determined in
these films. Finally, Raman scattering analyses confirm that the
Raman line observed at 1150 cm1 cannot be attributed to
trans-poly-acetylene, which continues to be reported in literature,
reassigning it to a deformation mode of CHx bonds in NCD. 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1 Introduction The tremendous current interest in
nanocrystalline diamond (NCD) particles and thin films is
attributed to the vast range of possible applications for
this material. Ample examples can be found in fields as
microbiology (as fluorescence emitter, for cell therapy. . .),
quantum computing, N/MEMS, chemical vapor deposition
growth, biosensors, etc. [1–10]. The most used technique toproduce NCD particles is based on a detonation process,
which is unfortunately a cumbersome and hard to control
industrial process [1].Therefore, other and easier to control
means are currently receiving a lot of interest. The top-down
approach, where NCD particles are produced starting from
CVD diamond films with a well-controlled purity and grain
size, seems to be particularly suitable [11]. In addition, recent 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 (online color at: www.pss-a.com) Deposition rate as
a function of the bias voltage (Vb). The curve through the data
points is an exponential fit.investigations have shown it is possible to incorporate
1–3 at% of boron atoms in NCD films with grain sizes
ranging from 100 to 350 nm in diameter [12]. Even though
such NCD grains are surrounded by a thin amorphous shell,
the boron atoms are isolated, substitutional atoms embedded
tetrahedrally into the diamond lattice, with no preferential
embedding in the grain boundaries [13]. These findings open
opportunities to produce (heavily) B-doped nanoparticles.
To reach this goal, a thorough control is needed over grain
size and phase purity. Although the use of substrate bias
during the early stage of growth has been proven to be an
efficient method for diamond nucleation, it is also an efficient
mean to reduce the diamond grain size in films [14–16]. In
this work, we report on structural and theoretical studies of
NCD thin films grown by a continuous bias assisted CVD
growth technique. As will be shown, this technique allows
tuning of the grain size and phase purity of the deposited
material.
2 Experimental
2.1 Nanocrystalline diamond films The thin
diamond films were grown on 500mm thick silicon
substrates (one centimeter in diameter) by microwave
plasma enhanced chemical vapor deposition (MW PE
CVD) in a hybrid home-built NIRIM-type reactor [17] with
different DC substrate bias voltages (Vb) applied during the
complete duration of nucleation and growth. Prior to the
diamond film deposition, the substrates were first heated to
700 8C in pure hydrogen plasma at 50 mbar. Subsequently,
the samples were bias enhanced nucleated in a 1% methane
in hydrogen mixture at a pressure of 50 mbar, a power of
275 W and a bias voltage ofVb¼ 260 V. Finally, films were
grown in the same 1% methane in hydrogen mixture at a
pressure of 80 mbar and a power of 425 W during 1 h with DC
bias voltage. Several diamond layers were grown using
different bias voltages.
2.2 Characterization Several techniques were used:
Raman scattering spectroscopy, scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM)
and electron energy loss spectroscopy (EELS). Raman
scattering measurements were carried out at room tempera-
ture using four different excitation wavelengths with a
micro-spectrometer Labrum HR UV (Horiba Scientific).
SEM images were obtained in secondary electron mode with
a FEI Quanta 200 FEG–SEM. Samples for TEM investi-
gations were prepared by focused ion beam in two steps.
First, the samples were milled with a Gaþ beam at an
acceleration voltage of 30 kV and a beam current of 1 nA.
Finally, both sides of the foil were milled at an acceleration
voltage 5 kV and 1 nA beam current to remove the
amorphous layer that might be formed in the first step.
TEM analyses were carried out in a Philips CM 20
microscope and a CM 30 microscope. The latter is equipped
with a Schottky field emission gun (FEG) and a Gatan
imaging filter system (GIF 200) for EELS with an energy
resolution of 0.9 eV. 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 Experimental results and discussion In Fig. 1,
the variation of the deposition rate of the films as a function
of the bias voltage is shown. Thicknesses were measured by
SEM on cross sections of the deposited films. As can be
seen, the deposition rate slowly rises for low bias voltages,
followed by an exponential increase for Vb> 100 V. Note
that for clarity, when bias voltage is mentioned in the
remainder of the text, it always refers to the absolute value of
the negative bias voltage, i.e.Vb. This behavior, previously
observed by others, is usually mainly related to the increase
of the substrate current, i.e. the flux of hydrocarbon ionized
species arriving at the substrate surface, but also to the
related temperature rise of the substrate due to the increasing
bias voltage and the consequent particle flux [18–20]. The
nearly exponential increase of the substrate current can thus
be directly related to the observed increase of deposition rate.
The molecular dynamics (MD) simulations described in
Section 3 will shed more light on the fundamental processed
responsible for these observations.
To further investigate the effect of the increasing ion
flux, Fig. 2 shows the surface morphology observed by SEM
of the as-deposited films as a function of Vb. Polycrystal-
line diamond films consisting of facetted grains are clearly
identified on these images for bias voltages betweenVb¼ 0
and 200 V. Between Vb¼ 0 and 75 V the films exhibit a
(110) preferential growth orientation, with characteristic
pyramidal shaped grains [21]. Moreover, the average grain
size slightly increases as the absolute bias voltage increases.
At bias voltages of Vb¼ 100 and Vb¼ 120 V, the
observed preference has shifted towards a (100) orientation
with the typical squared facetted grains [22]. Once the bias
voltage is larger than Vb¼ 140 V, the average grain
size decreases and all preferential orientation is lost. At
Vb> 200 V, the surface morphology changes even more
significantly becoming smooth with a root mean square
roughness that is reduced from  50 nm at Vb¼ 140 to
10 nm, as measured on a 4 4mm2 squared surface. These
films seem to be made of much finer grains with a diameter
below 30 nm, resembling much more to the so-calledwww.pss-a.com
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Figure 2 SEM images of the film surfaces grown at different bias
voltages. TEM diffraction patterns are shown as insets and are taken
from cross sections of the same samples.
Figure 3 (online color at: www.pss-a.com) (a) Raman scattering
spectra for a film deposited at a bias voltageVb¼ 260 V obtained
using different excitation wavelengths: 266 nm, 325 nm, 514 nm,
632 nm and 785 nm. (b) Raman scattering spectra of the diamond
films as a function of the bias voltage (Vb), taken with 266 nm
illumination. The curves are shifted vertically for clarity.ultrananocrystalline diamond (UNCD) films, usually grown
using hydrogen-poor plasmas, in contrary to nanocrystalline
(NCD) films that are grown in gas mixture similar to that
used in this work [23].
To assess the composition of the different layers, all
samples were characterized by Raman spectroscopy using
different excitation wavelengths, from infrared (775 nm) to
ultra-violet (266 nm). All samples exhibit a strong photo-
luminescence and a large disordered graphitic (D) line
contribution that shifts, from  1300 to  1400 cm1, in IR
and visible Raman but not in UV Raman scattering
measurements [24]. Raman scattering spectra obtained on
a sample grown with a bias voltage Vb¼ 260 V are shown
in Fig. 3a. These spectra also exhibit the graphite (G) line
( 1600 cm1), and a shoulder at  1150 cm1. Surpris-
ingly, up to date, new literature is appearing where the latter
is still assigned to trans-poly-acetylene despite that this
substance is known to decompose at temperatures far below
the deposition temperatures used in most of the CVD
diamond experiments, i.e. 700–900 8C [25–27]. While the Dwww.pss-a.comline shifts to higher wave numbers and decreases in intensity
relatively to the G line as the photon energy (Eph) of the
excitation laser increases, it disappears when UV excitation
is used [24]. Besides the G band, the UV Raman spectrum
shows a minute and relatively broad band at 1341 cm1 that
is ascribed to Raman scattering of nanometer sized diamond
grains. UV Raman scattering spectra of the different thin
films are shown in Fig. 3b. Only the diamond line at
 1333 cm1 and the G-line at  1600 cm1 are clearly
observed on these spectra for all bias voltages below
Vb¼ 200 V. The former line is also the most intense
line for bias voltages between Vb¼ 0 and Vb¼ 140 V,
while the sharpest diamond line is observed at a bias voltage
Vb¼ 100 V. For absolute values of the bias voltage higher 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 (online color at: www.pss-a.com) (a) EELS spectrum of a
carbon K-edge for a film grown atVb¼ 280 V and the diamond and
amorphous carbon reference spectra. The sharp peak at the absorp-
tion edge corresponds to the excitation of the carbon K-shell electron
(1s electron) to the empty anti-bonding pi-band (p) while the most
intense peak corresponds to the exitation of the carbon K-shell
electron to the empty anti-bonding pi-band (s). (b) Crystalline
diamond content as a function of bias voltage obtained from a
linear combination fit of the carbon K-edges from pure diamond
and amorphous carbon to the carbon K-edge, and this for the
different growth conditions.than 200 V, this line is significantly broadened and decreased
in intensity compared to the G peak. The broadening of
the diamond line is a signature of disorder in the diamond
phase or a decrease in the grain size while the increase of
the G-line intensity has to be linked to an increase in the
volume fraction of graphite to diamond in the films. The tiny
line observed at  1340 cm1, on spectra of films grown at
high bias voltage (Vb 220V), is assigned to NCD under
compressive stress (s 6–7 GPa) [28], with a grain size
estimated to be 7–8 nm [29, 30]. This large stress is consistent
with the observed low radius of curvature (2 cm) of the silicon
substrate after the thin film deposition. These films were also
characterized by IR transmission measurements on which a
significant absorption band between 2800 and 3000 cm1 of
sp3 CHx bonds’ stretching vibration modes is observed (not
shown). The atomic concentration of hydrogen in the film
has been estimated to exceed 3 1022 cm3 from the CHx
absorption band using the Beer–Lambert law and a thin
polyethylene reference film used to determine the absorption
coefficient of CH bonds. On the other hand, none of the
well-known absorption bands of trans-poly-acetylene (at
1000 cm1, 1800 cm1, and 3045 cm1) are observed. In
addition, the Raman band at 1160 cm1 does not significantly
shift with the excitation energy (see Fig. 3a) as expected for
trans-poly-acetylene [31]. Hence, these results clearly dis-
agree with previous reports suggesting that the Raman
scattering band at1150 cm1 is due to trans-poly-acetylene.
We therefore argue that this line has to be reassigned to a
deformation mode of CHxbonds, a conclusion that seems to be
supported by recent deuteration experiments [32].
TEM diffraction patterns of the diamond film cross-
sections are shown as insets in Fig. 2 together with the SEM
images as a function of bias voltage. These diffraction
patterns clearly show the variation of the crystallinity of the
films. At low bias voltages (Vb< 140 V), the samples are
crystalline, with large grain sizes as evidenced by the spots in
the diffraction patterns and the well-known columnar
structure, which is obvious in SEM [33]. For higher bias
voltages, the films consist of very small grains, a fact that is
supported both by the SEM images and the smearing of the
diffraction spots into typical diffraction rings which can be
identified as belonging to the diamond phase. An average
grain size of  10 nm has been determined using dark field
images of the (111) diffraction ring for films grown at a bias
voltageVb¼ 280 V. The crystallinity, i.e. the ratio between
crystalline diamond and amorphous carbon has been
determined using the shape of the carbon K-edge in the
EELS spectra. The carbon K-edge (excitations from the 1s
core state to an unoccupied state) is very sensitive to the local
environment as can be seen by the dramatic changes in fine
structure for the reference materials amorphous carbon and
diamond in Fig. 4a. A linear combination fit of both reference
spectra is used to determine the ratio between amorphous
carbon and diamond taking into account the effect of
multiple scattering and background [34, 35]. The result of
such a fit is shown in Fig. 4b and clearly shows an increase
in crystalline diamond content of up to 92% between 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimVb 140–160 V after which it significantly decreases
down to 64% with a further increase in bias voltage. These
results are consistent with the Raman scattering results, that
show that the crystallinity of the films increases with bias
voltage (Vb) up to  100–140 V and that higher bias
voltages induce a significant increase of the non-diamond
phase. As the average grain size remains around10 nm, i.e.
sp3-bonded diamond, this increase must be situated in the
surrounding sp2-bonded carbon matrix in which the diamond
grains are embedded.
In summary, after a small improvement of the crystal-
linity at low bias voltagesVb 150 V, there is a significant
diamond grain size reduction and the films consist of NCD
grains. Among the large variety of NCD films, these films are
different from diamond grown from conventional reactive
hydrogen–methane mixtures, but similar to UNCD films
usually grown in argon rich, i.e. hydrogen deficient plasmas,
and to films grown under a prolonged energetic plasma
bombardment by DC glow discharge. The first process relies
on a very high nucleation density and such films can only bewww.pss-a.com
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Figure 5 (online color at: www.pss-a.com) (a) The input cell with
1920 C atoms (dark gray) and 82 H atoms (light gray) for diamond
growth MDsimulation at different bias voltages. The {x,y}plane lies
perpendicular to the z-axis. (b) Calculated carbon and hydrogen
incorporationratioandtheformationrateofdanglingbondsafter160
simulated impacts of hydrocarbon species as a function of the
bias voltage (Vb).grown as a thin layer due to the obvious grain enlargement
with the film thickness [36]. On the other hand, during
UNCD growth, there is a continuous diamond grain
renucleation that limits the grain size. Such films consist of
diamond grains with a size of 3–5 nm with abrupt grain
boundaries [36, 37]. They can be grown thick and smooth,
retaining these small grain sizes, contrary to NCD growth. A
similar grain size can be obtained by DC glow discharge. As
described by Hoffman et al. [38] film growth with this
technique occurs from energetic species being accelerated
and incorporated into the film surface. This process, known
as subplantation [39], is based on the formation of a dense,
hydrogenated sp2-bonded layer, which in turn, partly
evolves into sp3-bonded diamond particles due to prefer-
ential displacement of the sp2-bonded carbon atoms under
bombardment by energetic species, sufficiently present in
a DC glow discharge. It is clear that a continuous bias
voltage can lead to a similar process, explaining the specific
morphology observed at higher bias voltages, i.e. a large
concentration non-diamond carbon phase, and a large
concentration of atomic hydrogen. However, the layers
grown with continuous electrical bias have a slightly larger
grain size than the DC glow discharge films.
4 Molecular dynamics simulations Classical MD
simulations have been carried out in order to have a deeper
understanding of the experimental results. A sample
computationally mimicking NCD growth, i.e. diamond
shelled by an amorphous phase, was bombarded by
hydrocarbon species with kinetic energies according to bias
voltages between 10 and 200 V, i.e., kinetic energies
between 5 and 80 eV. As experimentally measured by Ka´tai
et al. [18], most ion energy distributions show a peak at
15–40% of the bias voltage.
In MD, the atoms of the considered system interact
through a potential function, based on Newtonian dynamics
[40]. By integrating the equations of motion, the positions
and velocities of the atoms are calculated for each discrete
time step during the simulation. The MD model is based on a
code that was originally developed by Tanaka et al. [41].
The interactions of the atoms are modeled by the Brenner
potential for hydrocarbons [42]. The Brenner potential is an
empirical potential function. The binding energy of the
system that is considered in the simulation is written as a
sum over bond energies between couples of atoms. The bond
energy is determined by repulsive and attractive com-
ponents, which are functions of the scalar separation between
the two considered atoms.
The simulated sample composed of a crystalline and an
amorphous phase was prepared from a perfect diamond
(100)2 1:2 H substrate consisting of 1920 C and 48 H
atoms. The lower 100 atoms (two atomic layers) are kept
fixed to anchor the simulation cell, preventing its translation
due to momentum transfer from impacting particles. In
order to obtain a sample that mimics the experimentally
observed structure, atomic hydrogen was incorporated into the
diamond substrate. For the incorporation of atomic hydrogenwww.pss-a.cominto CVD diamond [43], the diamond (100)2 1:2H surface
was impacted by 60 H atoms. Due to collisions in the
plasma sheath region, their kinetic energies are distributed
according to the Maxwell distribution with Erms¼ 60 eV,
which corresponds to a substrate bias of 150 V [18] A
substrate temperature of 1350 K was achieved by applying
the Berendsen heat bath algorithm [44].
In Fig. 5a, the resulting sample, i.e. the input configur-
ation for the theoretical investigation, is shown. It has
dimensions of 14.0 A˚ 21.0 A˚ 41.8 A˚, and contains now
82 hydrogen atoms. The 48 hydrogen atoms originating from
the former perfectly hydrogenated diamond surface are still
located very close to or at the surface. Besides those H atoms,
the simulated sample contains 34 H atoms resulting from the
H impacts, as described above. This hydrogen concentration
of 2.8 1021 cm3 approaches well the experimentally
measured concentration of 3 1021 cm3 (see above).
Regarding the location of the implanted H atoms, the
obtained structure fits the theoretical predictions by
Michaelson et al. [43]: although hydrogen atoms are present
in the diamond phase, most of the hydrogen is located in
the amorphous phase. At the sharp interface between the
amorphous and crystalline phase, the hydrogen concen-
tration is rather low, and the hydrogen remains at the
amorphous side of the interface. 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 (online color at: www.pss-a.com) Normalized C4–4
radial distribution function of the original structure (dotted line),
and after 160 impacts of the dominant bombarding species (see text)
at substrate biases of respectively 10, 100, and 200 V (full lines).
In order to measure the change of crystallinity in the amorphous
phase and at the interface of crystalline and amorphous phases, only
the upper parts of the simulated samples are taken into account,
i.e. the atoms with z coordinates greater than 18.0 A˚.This structure, shown in Fig. 5a, is cumulatively
bombarded by hydrocarbon species. The relative fluxes of
the hydrocarbon species and kinetic energies were taken
from Ref. [18]. Ka´tai et al. measured the ion fluxes and the
ion energy distributions of the most important bombarding
species as a function of the bias voltage (varying from 0 to
200 V), applying similar growth conditions of diamond as in
our study, i.e. a microwave plasma of CH4 with a surplus of
H2.
At low bias (<50 V), the main hydrocarbon species are
Hþ3 , CH
þ
3 , CH
þ
4 , and C2H
þ
3 , whereas at high bias voltages
(> 100 V), Hþ, Cþ, CHþ, CHþ2 , C2H
þ, C2Hþ2 , C2H
þ
3
are dominant [18]. In our model, ions are represented by
neutral hydrocarbon species, assuming that all the ions are
Auger-neutralized before reaching the surface, that is,
the ions are neutralized by an emitted electron from the
surface [45].
All simulated impacts are normal to the surface and
calculated one by one during a time of 5.0 ps using variable
time steps between 107 and 104 ps. The initial z-coordinate
above the surface is chosen such that the interaction energy
between the surface atoms and the impacting species is
negligible, and the position in the {x,y} plane is chosen
randomly. The kinetic energy of the impacting species is
distributed according to the Maxwell distribution function
with Erms values reported by Ka´tai et al. [18], varying
for the different hydrocarbon species and bias voltages.
The rotational and vibrational energies correspond to a
typical gas temperature of 2120 K above the substrate
surface [46]. The substrate was cooled back to 1350 K
after 3.0 ps of each trajectory, applying the Berendsen
heat bath [44].
All simulations consist of 160 consecutive impacts.
Since we simulate the impacts one by one and each during
the same integration time (5.0 ps), the effect of the substrate
bias on the absolute flux of species is not simulated:
the experimentally observed enhanced flux when raising
the bias voltage is not reflected by our simulation conditions.
However, the relative fluxes of the impacting species and
of course the ion energies are selected according to the
experimental bias voltage, and these effects are probably
more important.
Figure 5b shows the increase of dangling bonds per
incoming species and the increase of carbon and hydrogen
atoms in the sample normalized to their respective incoming
flux, i.e. the incorporation ratios, as a function of the bias
voltage. As shown in this figure, the incorporation ratio of
carbon atoms increases with the absolute value of the bias
voltage. It significantly increases at low bias voltage
(Vb< 100 V). The increase of the incorporation ratio is
less pronounced for bias voltage between100 and200 V.
The number of dangling bonds created during the bias is
steadily increasing. This implies that the carbon species
have a higher probability to form bonds with the diamond
substrate at large bias voltages. This is certainly due to
the increase of unbound electrons. Therefore, we can
conclude that the almost exponential increase of the 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimdeposition rate with the bias voltage (see Fig. 1) is not only
due to the increased flux of species to the growing film, as
pointed out by Ka´tai et al. [18] but it is also due to the increase
of carbon atom incorporation ratio, certainly linked to the
increase of dangling bonds. Surprisingly, the incorporation
ratio of hydrogen atoms is rather constant, it appears to have
a weak maximum at Vb¼ 100 V.
Figure 6 shows the four-coordinated carbon atoms radial
distribution function (RDF), i.e. the variation of atomic
density as a function of the distance, in the diamond cell after
the MD simulations made at different bias voltages.
Crystalline materials exhibit a RDF with well-defined peaks
and valleys over a long length scale that characterizes the
long-range order of these materials. On the other hand, RDF
exhibit less pronounced or no peaks in amorphous materials,
especially for the longer length scale.
The first neighbor interaction peak of samples obtained
with bias voltagesVb¼ 10 V andVb¼ 100 V has a higher
intensity than the original sample. Furthermore, the maxima
on long-range scale also rise, indicating that the long-range
order also increases at those bias voltages. This demonstrates
that the fraction of four-coordinated carbon atoms increases
and the long-range order of the crystal also increases. On
the contrary, for the high bias voltage of Vb¼ 200 V, the
diamond network is damaged: when comparing it to the
original structure, the first neighbor peak decreases (indi-
cating that the fraction of four-coordinated carbon atoms
decreases), as well as the longer range order, the maximum at
2.95 A˚ even vanishes. These theoretical results are in full
agreement with the experimental results obtained by SEM,
Raman spectroscopy and EELS showing that the crystal-
linity is enhanced at low bias voltages:Vb< 140 V and that
the growth of a non-diamond carbon amorphous phase is
favored at higher bias voltages (Vb> 150 V).www.pss-a.com
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ties of thin diamond layers grown by MW PECVD with
different substrate bias voltages have been studied, using
several structural, morphological and chemical characteriz-
ation methods: SEM, TEM, EELS, and Raman spectroscopy.
An improvement of the crystalline structure at a bias voltage
up to 100–120 V is first observed. Then, at high bias voltages
(Vb 220 V), thin films are formed consisting of diamond
grains of nanometer size embedded in matrix with a very
high concentration of non-diamond phase carbon and a
high atomic concentration of hydrogen. Based on the Raman
scattering measurements, the Raman line observed at
1150 cm1 is reassigned to a deformation mode of CHx
bonds in NCD and not to trans-poly-acetylene. This is clearly
in disagreement with the current view present inpart of
the available literature. In the second part, classical MD
simulations have been carried out, supporting the observed
experimental data. These theoretical results show an increase
of dangling bonds with increasing bias voltage, and point out
that the observed exponential rise of the growth rate is not
only due to the higher flow of hydrocarbon species, but also
to an increase of the carbon incorporation ratio. A close look
at the RDF of the simulated cell indicate an improvement of
the long range order of the crystal for bias voltages up to
100 V and a further decrease of the crystalline order at higher
bias voltages, being in full agreement with the experimental
results.
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